The precipitate microstructure and vacancy distribution in Al-Mg-Si alloys with different amounts of solute and different heat treatments were investigated by transmission electron microscopy and muon spin relaxation measurements. A high amount of vacancies is normally present in Al-Mg-Si alloys as these bind to atomic clusters. We observe these vacancies to leave the material not before over-aging at very high temperatures such as 623 K (350°C), meaning that vacancies do not bind to incoherent over-aged precipitates. For samples only stored at room temperature after solution heat treatment, a reduction of muon trapping was found at a temperature of 140 K (À133°C) when reducing the amount of solute in the alloy. This might be connected to a lower number density of Cluster (1), which contrary to Cluster (2) do not nucleate precipitates upon further aging of the material.
I. INTRODUCTION
OF the commercial wrought aluminum alloys, the 6xxx alloys, with Mg and Si as main alloying elements, have some of the most desirable properties. Their high strength, good ductility and corrosion resistance, and low processing cost make them attractive structural materials for automotive and architectural applications. This has ensured Al-Mg-Si alloys a place in condensed matter science as materials of frequent study over many decades. In particular, the strengthening phases have been well investigated. These appear as needle-shaped precipitates along h001i Al , with lengths in the order of 10 to 100 nm, formed through diffusional phase transformations during heat treatment. Their metastable nature stresses the importance of aging the material at the right temperature for the right period of time to optimize the mechanical strength of an alloy. The sequence of precipitates appearing during artificial aging is commonly written [1, 2] : The fully coherent monoclinic phase b¢¢ [3] dominates at peak hardness, and develops into four less coherent (but still needle-shaped) phases during over-aging: The hexagonal b¢ [4] , the trigonal TYPE-A, [5] the orthorhombic TYPE-B, [5] and the hexagonal TYPE-C, [5] which mostly nucleates on dislocations. The main equilibrium phase is the cubic b, [5] but diamond Si may also form. Whether a particular phase forms also depends on the ratio between Mg and Si in the chemical composition of the alloy. For instance, Si-rich alloys tend to form TYPE-A, TYPE-C and Si particles during prolonged over-aging, while Mg-rich alloys gain larger fractions of b¢ and TYPE-B. [6] Most of the crystal structures of the phases in (1) have been solved by transmission electron microscopy (TEM) (see e.g., [6] ). The powerful techniques high-resolution imaging and electron diffraction makes TEM the most applicable tool to study nano-sized precipitates in Al alloys. In addition to precipitate phases, it is important to figure out how the presence of smaller defects such as vacancies and atomic clusters vary with the aging state of the material. When embedded in an Al matrix, atomic clusters are very difficult to study using TEM, and other techniques such as 3D atom-probe tomography (APT) and differential scanning calorimetry (DSC) must be employed. Atomic clusters in Al-Mg-Si alloys have been found to come in two varieties [7, 8] : Cluster (1) and Cluster (2), with only the second one having the right composition/structure to nucleate hardening precipitates. Whether there is any order in the arrangement of the atoms in these clusters cannot be answered with current methods. Instead they are distinguished by their different formation enthalpies, growth rates, and some- SIGURD times compositions. While Cluster (1) is produced during room temperature (RT) aging, low-temperature pre-aging [at e.g., 343 K to 373 K (70°C to 100°C)] is typically required to shift the dominance in favor of Cluster (2) . [7, 9] This is, however, not the case for lowsolute alloys, which seems to form Cluster (2) also at RT. [10, 11] Positron annihilation and muon spin techniques have also been applied to study the smallest of defects in an Al lattice. [12] [13] [14] Both positrons and muons can be interstitial defects in an Al lattice, and move by thermally activated diffusion. In muon spin relaxation (lSR), the spin of a muon precesses in magnetic fields, even the tiny fields set up by atomic nuclei. [15] The muon then decays to a positron, which moves in the direction of the muon spin upon decay. The positron is detected outside the material, telling us how the muon spin has precessed from initial state. The speed of muon diffusion affects the spin precession rate. This enables us to find out whether any defect in the material has prevented muon diffusion (''trapped'' the muon). This is measured with the muon trapping rate, how likely a muon is to be trapped by a defects per time. In a recent publication, [16] we proposed an interpretation scheme for muon trapping rates in Al (-Mg)(-Si) alloys: Single substitutional atoms (Mg and Si) trap muons at low temperatures [ <100 K (À173°C)], while mono-vacancies trap muons at high temperatures [ >220 K (À53°C)]. If vacancies cluster with Mg and Si atoms, their trapping peak is shifted toward lower temperatures, somewhere above 120 K (À153°C) in ternary Al-Mg-Si alloys. This enables the combined detection of vacancies and atomic clusters using muon spin relaxation (lSR) measurements.
In this work, we have used the previous interpretation of lSR spectra to investigate (i) a high-solute alloy close to its equilibrium condition and (ii) a low-solute alloy only stored at RT. These are two important boundary conditions, representing, respectively, (i) a microstructure which should be void of Mg-Si-vacancy clustering because all solute is present in equilibrium phases and (ii) a collection of clusters with a different type (Cluster (2)) than in its high-solute analog. TEM imaging was conducted on samples with considerable precipitation to gain a complete picture of their microstructure. This study addresses central questions regarding clustering and vacancy kinetics during RT storage, typical industrial aging, and over-aging, furthering our understanding of the complex precipitation process in Al-Mg-Si alloys.
II. EXPERIMENTAL PROCEDURE
The materials used in this study were ultrapure Al-1.6 pct Mg 2 Si and Al-0.6 pct Mg 2 Si (atomic fraction), cast and rolled to sheets 1 mm thick. This sheet was divided into samples of 25 mm 9 25 mm before heat treatment. All samples were given a solution heat treatment (SHT) of 848 K (575°C) for 1 hour, followed by quenching in ice water and immediate storage at RT or aging at temperatures between 373 K and 623 K (100°C and 350°C).
The lSR experiments were conducted at the RIKEN-RAL Muon Facility in Oxfordshire, UK, [17] using the ARGUS muon spectrometer. The muon beamline is near perfectly polarized antiparallel to the direction of muon implantation, and has a high enough intensity that about 1 million decay events in the sample are detected every minute. The sample temperature was kept constant with a helium cryostat while an adequate number of muon decay events (30 to 60 million) were detected per temperature point. The measured muon spin relaxation functions were compared to a database of functions simulated with the Monte Carlo technique, as described in References 16, 18 . The precession of spin was simulated for muons that are freely diffusing and trapped at generic defects in the Al lattice. Temperaturedependent lattice distortions and other effects that change muon diffusion behavior are not explicitly simulated, as the diffusion and trapping rates are simply kept fixed in each simulation, with no derivations from a specific system temperature. The parameters describing the muon kinetics, in particular the muon trapping rate, were extracted from the relaxation functions measured at each sample temperature, by least-squares fitting to all simulated relaxation functions. In this work we subtract the trapping rate in pure Al from the trapping rate in the studied conditions. Although the resulting quantity is not always positive, it is a convenient way of showing the peaks relevant to substitutional defects more clearly.
TEM specimens were prepared by polishing the samples to films of thickness %100 lm, punching out 3-mm disks and electropolishing using a Struers TenuPol-5. The electrolyte consisted of 1/3 nitric acid and 2/3 methanol, and was kept at a temperature of approx. 248 K (À25°C). Bright-field TEM images were acquired on film with a Philips CM30 operated at 150 kV. After aging or keeping the alloys at RT for a long time, the cluster/precipitate microstructure is stable, and does not change when the temperature is altered, in the range that we measure in the lSR experiments [20 K to 300 K (À253°C to 27°C)]. What we observe in a TEM is therefore the same microstructure as what is probed in the lSR spectrometer.
III. EXPERIMENTAL RESULTS
We focus here on two new conditions of Al-Mg-Si alloys that represent extreme cases of solute content and heat treatment. The first condition is a 1.6 pct Mg 2 Si alloy, aged at 623 K (350°C) for 30 minute. This treatment was meant to produce exclusively over-aged and equilibrium phases without having a too coarse microstructure. Figure 1 shows bright-field TEM images of this material, along with images from two other samples which have been aged for 1000 minute at lower temperatures. The precipitate phases were identified as follows: In the sample aged at 423 K (150°C), only GPzones and possibly small b¢¢ are present, while the 473 K (200°C) sample has mostly b¢¢ and some b¢ needles (see also alloy A11 in Reference 19). The over-aged needleshaped particles found in the sample aged at 623 K (350°C) were difficult to identify as the Al matrix was etched faster than the precipitates during electropolishing, leaving most needles sticking out of the specimen surface. Judging by the aging state and the large rounded shapes of the precipitate cross-sections, only b¢ and TYPE-A/B/C are present. [2, 6] A few, large b particles were also found, as seen in Figure 1(d) .
We measured the muon spin relaxation for the samples observed in the TEM, at temperatures from 20 K to 300 K (À253°C to 27°C). The muon trapping rates, subtracting the contributions from 99.99 pct pure Al, are shown in Figure 2 . Judging by the high-temperature region (above 180 K (À93°C)), the sample aged at 623 K (350°C) has muon kinetics most similar to binary Al-0.5 pct Mg, which we have included here for reference. For these two conditions, there is no trapping peak in the range 180 K to 300 K (À93°C to 27°C). Such a trapping peak is a characteristic feature of the two AlMg-Si samples aged at lower temperatures, also shown in Figure 2 .
The muon trapping rates in the second condition, an Al-0.6 pct Mg 2 Si sample stored at room temperature for 8 days can be found in Figure 3 . Two RT-stored Al-1.6 pct Mg 2 Si conditions are included for comparison. The muon kinetics in the RT-stored low-and highsolute alloy have subtle, but clear differences, with the low-solute alloy having a closer resemblance to the kinetics in a high-solute sample aged at 473 K (200°C) (included in both Figures 2 and 3) . Comparing the RTstored samples, decreasing the solute amount primarily affects the muon trapping at 20 K to 50 K (À253°C to À223°C) and in the dip at 140 K (À133°C). At this last point, the RT-stored 0.6 pct Mg 2 Si and 473 K (200°C) aged 1.6 pct Mg 2 Si samples even have lower trapping rates than pure Al. The relaxation functions at 140 K (À133°C) are shown in Figure 4 .
IV. DISCUSSION
In discussing the current results we emphasize that the focus is on understanding Al-Mg-Si alloys, their precipitation behavior and their most important lattice defects. Understanding all aspects of muon interactions with a solid, including phonon-assisted diffusion, [15] trapping in the presence of thermally dependent lattice strains, and spin precession changes induced by possible magnetic fields in precipitate phases has proven a tremendous challenge. Regardless, there is much to deduce from comparing the qualitative shapes of muon spin relaxation functions, here manifested in the muon trapping rate parameters, when coupled with previous experimental knowledge and the current TEM results.
The muon trapping rate curves in Figures 2 and 3 have two main trapping peaks separated at a temperature of approx. 120 K (À153°C). In the low-temperature region, the trapping is dominated by free solute atoms, in particular Mg. [9, 16] Vacancy-free solute-rich areas such as precipitates may also affect muon kinetics at low temperature, but we have not observed any compelling evidence for this. In the high-temperature region, vacancies are responsible for the trapping, [16] and since vacancies form strong bonds with Si and Mg in Al, they will in most cases be found in connection with atomic clusters or GP-zones. [20] When an alloy microstructure evolves during aging, we reach a point where the high-temperature muon trapping, and thus vacancy content, starts to decrease. A 1.6 pct Mg 2 Si sample aged at 473 K (200°C) has a lower muon trapping than one aged at 423 K (150°C), and after merely 30 min of aging at 623 K (350°C), the trapping is close to absent when measuring above 120 K (À153°C) (see Figure 2) . The remaining trapping might be caused by free vacancies. The coarse microstructure of the high-temperature aged sample [ Figure 1 (c) and (d)] does not contain any precipitates that are fully coherent with the Al matrix (such as b¢¢), while these are abundant in the 473 K (200°C) aged sample. Evidently, over-aged incoherent precipitates do not trap vacancies, although vacancies may be annihilated at the precipitate-matrix interface. This was also observed for the Si phase in Al. [16] The ability of coherent clusters (an maybe precipitate phases) to trap vacancies is an important factor in precipitation kinetics, as this limits the diffusion rate of solute atoms during clustering. [20] The most prominent difference in muon trapping among high-and low-solute alloys happens at a temperature of 140 K (À133°C). Figure 4 shows the muon spin relaxation functions at this point, and it is clear from these that the RT-stored high-solute alloys have a significantly higher spin relaxation rate than the two other conditions. This is caused by muons being Fig. 2 ) is subtracted from the others. Al-1.6 pct Mg 2 Si is included as it has the behavior most similar to that of 0.6 pct Mg 2 Si stored at RT. localized at defects rather than diffusing. [15] The difference can not simply be attributed to a change in cluster number density or size. This because the trapping rate curves for Al-1.6 pct Mg 2 Si RT stored for 2 weeks and half a year are almost indistinguishable, although their clustering states are quite distinct, seen e.g., in the strong RT hardness evolution. [21] The structure of the clusters is assumed to be an essential factor for the shape of the trapping rate curve. Judging by the reduced muon trapping at the temperature 140 K (À133°C), the RTstored Al-0.6 pct Mg 2 Si sample should therefore contain clusters with a structure similar to that in Al-1.6 pct Mg 2 Si aged at 473 K (194°C). One possibility is that Cluster (1), introduced in Section I, is the cause of the trapping around 140 K (À133°C). In the low-solute alloy, all the solute might exclusively go into forming Cluster (2) , while annealing at 473 K (200°C) have dissolved all Cluster (1) in the high-solute alloy. Other than this, we see no obvious distinction between different cluster types based on the data obtained by lSR.
Being pure and without grain refiners, the investigated alloys have large grain sizes (~100 lm). Though pure Al has undergone the same process route, it contains subgrains of a size~1 lm, which are not seen in any of the alloys. This may be the reason behind the broad trapping peak from 50 K to 220 K (À223°C to À53°C) in pure Al (see Figure 2) . No difference in grain size was found in the alloys, and subgrain growth does not occur during aging at 200 K (À73°C). The effects of polycrystallinity should therefore not give any differences among the muon trapping rates in the alloys. It can, however, explain the negative values of muon trapping rate around 140 K (À133°C) in some alloys: Subgrain boundaries may add muon trapping centers in pure Al, while no defects affect muon diffusion in the alloys at this point, unless Cluster (1) is present.
V. CONCLUSIONS
We have investigated the micro-and nanostructures in Al-Mg-Si alloys with heat treatments designed for probing the vacancy and clustering kinetics during artificial aging. We employed lSR for detecting vacancies and atomic clusters, while TEM was used to provide an overview of the precipitate microstructure in the samples. The following conclusions can be drawn:
1. With lSR measurements, we have strengthened the hypothesis of [12] : that Mg-Si clusters trap vacancies and keep them inside the material during aging, while incoherent precipitates such as TYPE-A/B/C, Si and b do not trap vacancies. 2. We compared the muon kinetics in low-solute (Al-0.6 pct Mg 2 Si) and high-solute (Al-1.6 pct Mg 2 Si) alloys stored at room temperature. At a measurement temperature of 140 K (À133°C), the muon trapping is lower in the high-solute alloy. Trapping at this peak may be associated with Cluster (1): If the solute in an alloy is sparse, it all goes into the more beneficial Cluster (2) instead.
This work has led to a more complete picture of the kinetics of vacancies and clustering during room temperature storage and aging of Al-Mg-Si alloys.
